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INTRODUCTION
The climate in Poland is generally affected by the Azores High and the Icelandic Low interaction. If the pressure in the Azores High increases and in the Icelandic Low decreases, maritime air masses from the Atlantic Ocean move over Poland and bring warm winters (often without the ice cover on lakes) and cold, wet summers. In the opposite situation, the cold continental air masses from the north or east move over Poland, including West Polesie -the study area (Eastern Poland), and bring cold (sometimes extreme) winters and hot, dry summers. During such winters, cold air temperatures are accompanied by thick long-lasting ice and snow cover (Kaszewski 2002) . Cold temperatures in winter are often recorded in West Polesie, which is confirmed by air temperature data measured by a meteorological station in the town of Włodawa.
During extreme winters, photosynthetic algae under the ice cover may be an important component of an ecosystem, the same way as in the growing season. The composition, the abundance and the distribution of winter phytoplankton species vary throughout the water column. Nonetheless, the winter algae are generally well adapted to low values of temperature and low intensity of light (Wiedner, Nixdorf 1998; Butler et al. 2000) . The research on the light and temperature effect on the growth of phytoplankton in winter showed that the physiological processes of algae indeed depend on the temperature of water, however, the light passing through the ice/snow cover is the main factor limiting the growth of phytoplankton (Eloranta 1982; Fritsen, Priscu 1999) . During extreme winters, the thickness and quality of ice cover, as well as the presence of snow cover on the ice greatly affect the intensity of light in the water column (Leppäranta et al. 2003) . Moreover, the presence of ice/snow cover modified also other factors in the water, e.g. water turbulence, nutrient recycling, oxygen content and, in consequence, biodiversity of phytoplankton (Phillips, Fawley 2002a, b) .
In extreme winter conditions, the phytoplankton is often dominated by small, nanoplanktonic, heterotrophic or mixotrophic species. They generally belong to some motile algae, like dinophytes, cryptophytes, chrysophytes or flagellate chlorophytes (Nõges et al. 2010) . Despite convective mixing, small cell flagellate species are able to maintain their position in the water column, or move to places with better light conditions. Consequently, they can concentrate in large numbers in the upper water layer, often just beneath the ice cover (Kiili et al. 2009 , Nõges et al. 2010 .
However, the maximum winter phytoplankton in lakes is sometimes observed in the lower part of the water column (Mitrofanova et al. 2007 ). The most abundant species are then some microplanktonic diatoms, blue-green or green algae, and they affect the high values of biomass (Squires, Rushforth 1986; McKnight et al. 2000) . In a relatively stable water column under the ice cover, microplanktonic algae sink faster. In consequence, their population may concentrate in lower water layers where water density is higher. The dominance of some diatom species during winter is partly justified by their abilities to produce special proteins, which help them to survive at low temperatures (Richardson et al. 2000) . Similarly, some filamentous blue-green algae are adapted to low thermal-light conditions and they can be present in large numbers or even cause under-ice blooms (McKnight et al. 2000; Dokulil, Herzig 2009; Babanazarova et al. 2013) .
In winter, phytoplankton species often function as vegetative cells, however, some of them are capable of producing a wide range of different types of spores, e.g. stomatocysts, resting cysts, akinetes (Lecewicz et al. 1973; Kremp, Anderson 2000; McKnight et al. 2000) .
The development of phytoplankton was analyzed in the period of last forty years, during five extremely severe winters. Studies of phytoplankton characteristics in the water column took into account values of biomass, concentration of chlorophyll-a and species composition, including dominant species. Differences in the vertical distribution of flagellate and non-flagellate species belonging to cyanobacteria and algae were analyzed under the ice/snow cover in the gradient of light and thermal conditions.
MATERIALS AND METHODS
The phytoplankton community was studied in mesotrophic and dimictic Lake Piaseczno (51°23'03" N, 23°01'46" E, 170.6 m a.s.l) located in the Łęczna-Włodawa Plain (West Polesie region), Eastern Poland. The lake area is 0.85 km 2 and the maximum depth is 38.8 m (Wilgat et al. 1991) .
The research was performed during extremely severe winters in 1971, 1996, 2003, 2006 and 2010 when Lake Piaseczno was basically covered with thick ice/snow cover.
The research focused on the water layer from 0 to 6 m. Water samples for biological analyses (concentration of chlorophyll-a, phytoplankton biomass) were collected once a month (January, February, March) from the pelagic zone of the lake using a Ruttner water sampler (2.0 l capacity). The mixed samples were collected from the following depths: 0.5, 1 and 2 m (upper water layer) and 4, 5 and 6 m (lower water layer).
Phytoplankton samples for biomass analysis were fixed with formalin-glycerine mixture. Then, samples were transferred to a settling chamber of 50 or 100 ml capacity. After sedimentation, algal abundance was evaluated using an inverted microscope (Zeiss Axiovert 135) according to Utermöhl's (1958) method. At least 100 specimens of the most abundant algae were counted per sample. Algal biovolume was calculated using the formula according to Hillebrand et al. (1999) . In addition, samples for taxonomic analysis were collected using a plankton net (20 µm mesh size); they were left without fixation in order to observe live specimens under a light microscope (Nikon Eclipse 80i). The chlorophyll-a concentration was determined according to the standard method (Nush 1980) . The physical parameters: water temperature, ice and snow thickness, light transmission through ice/snow cover were measured in situ. The light transmission (photosynthetically active radiation -PAR) was measured with a Li-Cor meter (Li-250A) with an underwater quantum sensor (Li-192SA). Data on air temperature come from the meteorological station in the town of Włodawa located in the West Polesie region, available on the climatological service (www.tutiempo.net).
Spearman's rank correlation coefficient (r) from the software package STATISTICA 10.0 was applied in statistical analysis. Two indices were used to assess the community structure: Shannon-Wiener diversity and evenness.
RESULTS

Thermal and light conditions
During winter seasons (1971, 1996, 2003, 2006, 2010) , the average air temperatures (January-March) were low: -2.0ºC, -5.7ºC, -3.0ºC, -5.1ºC and -3.0ºC, respectively. The lowest air temperatures ranged from -10.0 to -29.7ºC and were generally recorded in January and February, whereas the highest (17.0 -0.0ºC) − in March.
In the studied winter seasons, Lake Piaseczno was covered with a thick ice cover with a thickness ranging from 20 to 50 cm. Whereas the thickness of snow cover on the ice surface significantly varied (0-30 cm) ( Table 1) . Unusually extreme thermal conditions were observed in 1996 when the maximum air temperatures were frequently below -10.0ºC (lowest air temperature -22.1ºC) and the snowfall was negligible during the three winter months. In 1996, low air temperatures and thin snow cover affected the development of much thicker (above 50 cm) and long lasting ice cover on the lake compared to other winter seasons (Table 1) . In winter 2006, the average air temperatures were comparable to winter 1996, nevertheless the ice cover was much thinner (max thickness 45 cm in March). This was due to heavy snowfall in February, which covered the ice surface with a thick snow layer (above 20 cm) effectively insulating the water body from external conditions. The temperature of the upper water layer (0.5 -2 m) was around 1ºC and of the lower water layer (4 -6 m) − around 2ºC. The lower water temperatures in both layers were recorded only in winter 1996 and 2006 (Table 1) . During the presence of thick ice cover (above 20 cm), the thickness of snow cover had the profound effect on the values of light transmission. Even if the snow cover was thin (around 5 cm), it rapidly limited the light transmission through the ice (Table 1 ). The highest values of light transmission were recorded when the ice surface was devoid of (January 1971 and 2006) or only partially covered with snow (February, March 1971) (Table 1) .
Winter phytoplankton community
In the studied winter seasons, the values of phytoplankton biomass and the concentration of chlorophyll-a were low and never exceeded 1.3 mg l -1 and 10 μg l -1 , respectively (Fig. 1) . The lowest phytoplankton biomass (0.12-0.33 mg l -1 ) was observed in February and March of 1996 and in winter 2006, during extremely low air temperatures and the presence of thick ice and periodically thick snow cover (Table 1) . Such conditions affected the thermal and light regime in water, and restricted the development of phytoplankton. On the basis of five winter seasons, it has been determined that the phytoplankton development under the ice cover is highly dependent on the light conditions. It was Table 1 Values of physical parameters of snow, ice, water and air temperatures in the studied winter seasons confirmed by higher values of the phytoplankton biomass and the concentration of chlorophyll-a in the upper (0.5 -2 m) water layer ( Fig. 1 ), e.g. the highest phytoplankton biomass in winter 1971 when the highest values of light transmission through the ice cover were recorded (Table 1) . There were no clear differences in the structure of the phytoplankton community between the studied months (January-March). In some cases, however, high dissimilarities in the phytoplankton biomass between the upper (0.5 -2 m) and lower (4 -6 m) water layer were determined (Fig. 1) . In the upper water layer in winter 2003 and 2010, the biomass values were generally 2 -3 times higher than in the lower water layer. Nevertheless, also the disproportion in the vertical distribution of the algal biomass had the highest value, e.g. in March 2003 and in January 2010, the biomass in the upper water layer was respectively 11 and 3.5-times higher than in the lower water layer (Fig. 1) .
The phytoplankton biomass in the upper water layer (0.5 -2 m), where light conditions were better, was affected by the presence of flagellate species, the contribution of which ranged from 60 to 90% of the phytoplankton biomass (Fig. 2) . The relationship between the development of flagellate species (their biomass values) and the light conditions (PAR values) confirmed the values of Spearman's rang correlation coefficient (r = 0.61, p<0.05).
The flagellate species were frequently represented by nanoplanktonic forms from the genus Cryptomonas. During winter 2006, other nanoplanktonic species − Mallomonas akrokomos Ruttner in Pascher (golden alga) − occurred in large numbers in phytoplankton. However, flagellate species were also represented by microplanktonic forms. In winter 2003 and 2010, dinophytes -Peridinium bipes F.Stein had high contribution in the phytoplankton biomass (Table 2 , Fig. 2 ).
In the lower water layer (4 -6 m), non-flagellate species (Fig. 2) of green or blue-green algae had the Table 2 Percentage contribution of dominant species in the phytoplankton biomass during the studied winter seasons (Table 2) . In March 2003, the coccal blue-green alga -Aphanocapsa delicatissima West&G.S.West -dominated in the same water layer, whereas in 1971 and 1996 another coccal species -Aphanothece clathrata West&G.S.West -was occasionally abundant in the upper water column. High contribution of filamentous blue-green algae, with the dominant species Planktothrix agardhii (Gomont) Anagn. & Kom., was determined in winter 1996 (Table 2 ). This species dominated in the upper water layer (0.5 -2 m) when the phytoplankton biomass was extremely low (0.12 -0.18 mg l -1 ). Low species diversity was determined in all the studied winter seasons, which was confirmed by low values of the Shannon-Wiener diversity index (1.24 -1.88) and the evenness (0.43 -0.73). However, the species composition of phytoplankton differed between the studied winters. Cryptomonads, filamentous blue-green algae, dinophytes, golden algae and green algae had the highest contribution in the phytoplankton biomass in winter 1971, 1996, 2003 and 2006, respectively. In winter 2010, three phytoplankton groups: cryptomonads, green algae and dinophytes, subdominated in the phytoplankton biomass (Fig. 1) .
DISCUSSION
The winter minima of phytoplankton biomass under the ice cover in different types of lakes are commonly observed and generally result from light conditions and partly from low temperature and winter nutrient accumulation (Talling 1993 , Wetzel 2001 .
During the last forty years, the values of winter phytoplankton biomass were very low in mesotrophic Lake Piaseczno and comparable with the results of other authors (Squires, Rushforth 1986; Danilov, Ekelund 2001; Dokulil, Herzig 2009 ). The lowest values of biomass in Lake Piaseczno were recorded in two extreme winters (1996 and 2006) when the water temperature under the thick ice cover was much lower (0.6 -0.8ºC) compared to other winter seasons. Such low water temperature could be the second factor, apart from light, which limit the phytoplankton growth under the ice cover. Values of water temperatures close to 0.8ºC are quoted as extremely low and unfavorable to the growth, even for phytoplankton species adapted to winter conditions (Mitrofanowa et al. 2007) .
Low diversity of the phytoplankton communities, similar species composition at the two studied depths and clear vertical differentiation in algal biomass had been determined in Lake Piaseczno during five winter seasons. Small amounts of phytoplankton and poor species composition under the ice cover were often observed (Squires, Rushforth 1986; Mitrofanowa et al. 2007) . Flagellate species from the group of Cryptophyceae, Chrysophyceae and Dinophyceae had high contribution in the phytoplankton biomass of Lake Piaseczno. Their dominance in winter under the ice cover is characteristic for both shallow and deep lakes of different trophic status (Agbeti, Smol 1995; Wiedner, Nixdorf 1998; Danilov, Ekelund 2001; Vehmaa, Salonen 2009 ). The high biomass of the flagellate species was recorded near the ice with the highest light intensity. The effect of light conditions on the distribution of phytoplankton species (including flagellates) in the water column was also observed by Lizotte&Priscu (1992) and Mitrofanowa et al. (2007) . In winter 1971 and 2010, small flagellates from the genus Cryptomonas had high contribution in the phytoplankton biomass under the ice cover, and they were present in the whole studied water column. These species can grow under a thick ice cover and despite extremely low values of light and temperature, they are able to cause under-ice blooms (Phillips, Fawley 2002a,b; Babanazarova et al. 2013) . Periodically (January and March 2006), other flagellate species -Mallomonas akrokomos (Chrysophyceae) − occurred in large numbers beneath the ice of Lake Piaseczno. The species is defined as a cryophilic alga, which is capable of mixotrophy and can grow under the ice cover in lakes with a wide range of trophic status (Siver 1991 ), but it is also observed in other seasons (Péterfi, Momeu 2009 ). Also Peridinium bipes (Dinophyceae) was an important component of the phytoplankton community in 2003 and 2010 with the highest biomass in the water layer immediately beneath the ice cover. Development of the species from the genus Peridinium and their temporary high contribution in the winter phytoplankton biomass in lakes of different trophic status is very common (Danilov, Ekelund 2001; Philips, Fawley 2002a; Babanazarova et al. 2013) .
Non-flagellate green algae were important components of the phytoplankton community during two winters: 2006 and 2010. Botryococcus braunii was the dominant species in winter 2006, whereas Closterium acutum var. variabile − in winter 2010. Different contribution of B. braunii in the phytoplankton biomass of Lake Piaseczno was reported in the 1970s (Wojciechowska 1976) . B. braunii is a colony-forming microalga accumulating oil particles in its dry weight, which enables the species to float up the water column (Bucka, WilkWoźniak 2003) . Despite its positive buoyancy, B. braunii was generally present in the lower part of the water column (4 -6 m) under the thick ice cover in Lake Piaseczno, where light conditions were unfavorable to photosynthesis. In winter 2010, other microalga -C. acutum var. variabile dominated in the same water layer. It has an elongated shape, it is tolerant to mixing and often occurs in lakes with a high trophic status (Barone, Naselli-Flores 1994; Reynolds 2006) . The dominance or subdominance of large green algae are not frequent in the winter phytoplankton, but there are some well-known adaptations that allow them to grow in low values of light and temperature (Squires, Rushforth 1986; McKnight 2000) .
Blue-green algae were not an important component of the winter phytoplankton in Lake Piaseczno. The research conducted since the 1970s has shown that blue-green algae have higher contribution in the phytoplankton biomass under the ice cover of this lake only in certain winter seasons. In winter 1971 and 2003, coccal forms of blue-green algae occurred in large numbers: Aphanothece clathrata and Aphanocapsa delicatissima, whereas in winter 1996 − a filamentous form, i.e. Planktothrix agardhii dominated. The presence of filamentous blue-green algae, e.g. Planktothrix rubescens (De Cand. ex Gom.) Anagn. & Kom. under the ice cover in this lake during winter 1989 was also reported by Krupa&Czernaś (2003) . Relatively high biomass of filamentous cyanophytes in lakes during winters with ice cover can be caused by their already high biomass during the preceding autumn. Moreover, due to their shade tolerance, cyanophytes can grow in conditions of low irradiance and short day, which are typical in cold winters under the ice cover (Reynolds 2006; Babanazarova et al. 2013) .
CONCLUSIONS
1. In five winter seasons, values of the phytoplankton biomass were low and the flagellate species dominated. 2. Values of the phytoplankton biomass were vertically differentiated but they were extremely low (generally below 0.4 mg l -1 ) in the lower part of the water column (4-6 m). 3. Species biodiversity was low, but every winter the dominant species represented different taxonomic groups. 4. The research proved that the development of phytoplankton under the ice cover was limited mainly by light and, to a lesser extent, by temperature.
